Nanostructuring of thermoelectric materials bears promise for manipulating physical parameters to improve the energy conversion efficiency of thermoelectrics. Using nonequilibrium molecular dynamics, we investigate how the thermal conductivity can be altered in core-shell nanocomposites of Si and Ge. By calculating the phonon vibrational density of states and performing normal mode analysis, we show that the thermal conductivity decreases when phonon-transport becomes diffusion-dominated and unveil a competition between modes from the various regions of the nanocomposite (core, interface, and shell). The effects of nanowire length, cross section, and temperature on thermal conductivity are explicitly considered. Surprisingly, the thermal conductivity variation with nanowire length is much weaker than in pure nanowires. Also, the thermal conductivity is almost independent of temperature in the wide region between 50 and 600 K, a direct result of confinement of the core by the shell. These results suggest that core-shell nanowires are promising structures for thermoelectrics.
I. INTRODUCTION
Thermoelectric materials convert temperature gradients to electric current with no moving parts. Thus, they could improve energy utilization by reducing heat wasted as part of thermodynamic inefficiencies. The energy conversion efficiency of thermoelectric devices is characterized by the dimensionless coefficient: ZT = S 2 σ T /κ, where S, σ , and κ, are the Seebeck coefficient, electrical conductivity, and thermal conductivity of the material, respectively, and T is the absolute temperature. ZT values in the 3-4 range are needed for thermoelectrics to find widespread applications. Unfortunately, even improved bulk materials seldom have a ZT 1. Increasing ZT has proven to be challenging due to the strong interdependence of the physical parameters involved in electronic and phononic transport. 1 As an alternative to designing new bulk materials with larger ZT values, nanostructuring of existing thermoelectrics has emerged as a promising way to improve thermoelectric performance by manipulating phononic transport. 2 Indeed, the thermal conductivity of relatively short (<300 nm) Si nanowires (NWs) fabricated from suspended thin Si films has been shown experimentally to be significantly lower than that of bulk Si, which was attributed to increased phonon scattering at the confining walls of the nanowires. 3, 4 The origin of the high thermoelectric performance in Si NWs was discussed in Chen et al. 5 Additional methods to reduce the thermal conductivity were proposed in the literature, some supported by predictions from atomistic simulations. For example, creating an amorphous layer 6 on the surface of Si NWs was calculated to reduce the thermal conductivity by two orders of magnitude in comparison to bulk silicon, something that could be accomplished by heating the Si NW up to a temperature very close to its melting point followed by fast quenching. In another example, creating a nanotube by conceptually drilling a small hole in the center of Si NWs was calculated to also reduce the thermal conductivity due to increased phonon scattering. 7 Recently, Si/Ge core-shell nanocomposites 8, 9 were shown to significantly reduce the thermal conductivity through phonon scattering at the interface, while offering a simpler structure to pursue experimentally. Using molecular dynamics (MD) simulations, 8 it was shown that a Ge layer of only 1 to 2 unit cell (uc) thickness conformal on a Si nanowire can lead to a 75% decrease in thermal conductivity at room temperature as compared to uncoated Si NWs. By analyzing the vibrational density of states and the participation ratio of each specific phonon mode, it was demonstrated that the reduction in the thermal conductivity of Si/Ge core-shell nanowires originated in the depression and localization of both low-frequency phonon modes at the Si/Ge interface, while high-frequency nonpropagating diffusive modes were also altered. 8 In this paper, the concept of core-shell nanocomposites (Ref. 8 ) is systematically investigated with the aim to uncover the thermal conductivity dependence on important parameters, such as length, cross section, interfacial strength, and temperature. Confinement effects in the core-shell structures lead to a thermal conductivity behavior markedly different from that of pure nanowires. By reversing the core and shell materials, the ensuing Ge-core/Si-shell structure was found to have an even lower thermal conductivity with exciting implications for thermoelectrics. The remainder of the paper is organized as follows. In Sec. II, we describe the model structures and the MD methodology used to determine the thermal conductivity of the nanowires. In Sec. III and Sec. IV, we present and discuss the results of nonequilibrium MD simulations on Si-core/Ge-shell and Ge-core/Si-shell nanowires, respectively. Finally, the main points are summarized in Sec. V.
II. MODEL STRUCTURES AND SIMULATION METHODOLOGY
Our model system of Si-core/Ge-shell NW consists of a square cross section single-crystalline Si NW covered by a Ge layer. The NW extends in the [001] direction, i.e. the longitudinal direction, which is set along the z axis. The surfaces in transverse directions (x and y axes) for both Si and Ge are each (110) type. The cross section size, (n × n), in the x and y directions, varies from n = 2 to 20, corresponding to a cross-sectional width from 0.77 to 7.7 nm, respectively. In order to study the length dependence of thermal conductivity, for the case of n = 9, the number of Si unit cells stacked up longitudinally varies from 25 to 2002, yielding a nanowire 13.6 to 1086 nm long. The corresponding number of Ge unit cells in the longitudinal direction changes from 24 to 1927, taking into consideration the [001] lattice mismatch between Si and Ge. The structure of Ge-core/Si-shell NWs was generated by reversing the unit cell number and lattice constant of the Si core and Ge shell in the longitudinal direction so that the same length is maintained as compared to the Si-core/Ge-shell NWs. Details on how to construct the initial structure can be found in Ref. 8 .
The Stillinger-Weber (SW) potential was used to describe the interactions in the Si-Ge system with diamond structure. This potential uses two-body and three-body terms to stabilize the diamond lattice. The original parameters were developed to provide an approximate description of condensed phases of Si. 10 Parameters for Ge were determined by fitting to experimental data. 11 In the simulation studies described herein, the parameters of Refs. 10 and 11 were adopted to describe SiSi and Ge-Ge interactions. Parameters for Si-Ge interactions were obtained by taking the arithmetic mean of Si and Ge parameters for σ Si−Ge and the geometric mean for λ Si−Ge and ε Si−Ge , as suggested in the literature. 12, 13 All MD calculations were performed using the LAMMPS 14 package with a time step of 1 fs throughout. After equilibrating the system, we computed its thermal conductivity using nonequilibrium MD. In order to establish a temperature gradient along the longitudinal direction, the atoms close to the two ends of the NW (about 8 unit cells long) were placed into hot and cold baths with temperatures T L and T R for the left and right end, respectively. Nosé-Hoover thermostats 15 were applied. The total heat flux in the longitudinal direction is defined as 16 
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where the subscript L denotes a quantity in the longitudinal direction, ε is the energy scalar, and h is the three-body interaction form in original SW potential, υ i is the velocity of atom i, ε i is the local site energy, γ ij is the relative distance between atom i and j, f ij is the two-body force between atom i and j, f j (ij k) is the three-body interactions between atoms i, j, and k, φ 2 and h 3 are the two-body and three-body potential energy, respectively, and V is the volume of the region selected to calculate the heat flux. The thermal conductivity of the nanowire is calculated from
whereJ L is the averaged heat flux in the longitudinal direction and ∂T/∂z is the temperature gradient determined from a linear fitting of the time-averaged temperature profile along the nanowire. The thermal conductivity of only the core can also be calculated using Eq. (2), where the heat flux from Eq. (1) is evaluated by summing over all atoms i in the Si core, since the heat flux can be defined for a single atom by determining the contribution of every atom to each term in Eq. (1) . A typical equilibration run took about 6-10 ns. After equilibration, a temperature gradient was imposed on the system, and the simulation was run for about 10-30 ns to establish steady heat flow. After that, the statistics for averaging the temperature profile and heat flux were sampled by running the simulation for 15-30 ns, depending on system size and its thermal conductivity. For nanowires with cross sections less than 2 × 2 nm 2 , very long runs (∼60 ns) are needed to obtain a longer time average with better statistics. Generally, the shorter the NW and the lower its thermal conductivity, the longer the run required for the system to reach steady state after imposing a temperature gradient. The simulation time must exceed a characteristic time dependent on wire length and thermal diffusivity, as follows
where L z is the wire length, D T the thermal diffusivity, κ the thermal conductivity, ρ the density, and C p the specific heat capacity, respectively. For a typical wire length of 164 nm, κ ∼ 5 W/mK, ρ = 2.33 × 10 3 kg/m 3 , C p ∼ 530 J/kg/K for thin nanowire, 17 we obtain τ ∼ 5.6 ns. Thus the 10-30 ns simulation time is sufficient for the system to establish steady heat flow.
III. RESULTS OF SI-CORE/GE-SHELL NANOWIRES
In this section, we present simulation results on the dependence of the thermal conductivity of Si-core/Ge-shell nanowires on length, temperature, cross section, and Si-Ge interfacial structure. The results are discussed in terms of the vibrational density of states (VDOS) for selected nanowire lengths accompanied by normal mode analysis.
A. Length dependence
The calculated thermal conductivity of a pure Si NW (cross section of 9 × 9 unit cells), plotted in Fig. 1(a) , is found to increase rapidly with nanowire length below ∼300 nm. This behavior is in agreement with the work of Wang et al. 18 Thereafter, the thermal conductivity varies more slowly approaching asymptotically a constant value at lengths over 1200 nm. The slow increase above 300 nm implies that the NW is in the diffusive phonon transport regime. Further analysis showed that the reciprocal of the thermal conductivity of a pure Si NW varies linearly with the reciprocal of the 085442-2 nanowire length in the entire length range studied, as shown in Fig. 1(b) . Linear fitting of the datapoints using the function
where κ NW ∞ is the thermal conductivity of an infinitely long NW and l NW is the effective phonon mean free path in the NW, yields κ NW ∞ = 22.4W/mK and l NW = 79.2 nm. Note that both κ NW ∞ and l NW are functions of the NW diameter and temperature. Hence, the obtained values only apply to the case of cross section of 9 × 9 unit cells, i.e. 3.5 × 3.5 nm 2 with (110) surface structure and temperature of 300 K. Since our cross section and surface orientation of the pure Si NW is different from previous studies, [18] [19] [20] no exact comparison can be made. For consistency with previous studies, we run one more case of pure Si NW with an exact cross section of 4 × 4 × 302 unit cells and (100) surface structure. We obtained a thermal conductivity of 4.39 ± 0.50 W/mK, which is in good agreement with the value of ∼4 W/mK (read from graph) reported in literature. 19 Nevertheless, our estimated κ NW ∞ caps all the data reported in Refs. 18 and 19, where a thinner Si NW with (100) surface was used, and l NW is very close to the value of 35.9-74.4 nm estimated for thinner Si NW. 19 The thermal conductivity of Si-core/Ge-shell NW coated with 2 unit cells of Ge is also plotted in Fig. 1 as a function of wire length. We first notice the larger thermal conductivity of the Si core compared to the overall thermal conductivity of the core-shell nanowire. This can be explained by writing the overall thermal conductivity (κ tot ) as the cross sectional area weighted average of the core (κ core ) and shell (κ shell ) conductivities
where A is cross-sectional area with A tot = A core + A shell . Due to the strong phonon interference at the core-shell interface, we expect that κ shell < κ core when the shell is very thin-in this case, κ tot is slightly lower than κ core . Note that sometimes κ shell > κ core , in that case, κ tot could be larger than κ core (see below). In comparison to the pure Si NW, there is no significant increase in the thermal conductivity of the core-shell NW over the entire length range studied [ Fig. 1(a) ], i.e. the length dependence is much weaker. To this end, the conductivity increases by only ∼12% when the wire length increases from 300 to 1,086 nm. We interpret these results to mean that the core-shell NW is in the ballistic-transport regime of heat conduction for L z 100 nm and in the diffusion-transport regime for L z > 300 nm, since the phonon mean free path of Si core with Ge shell is obtained from Eq. (4) for infinitely long core-shell nanowires in Fig. 1(b) yields a thermal conductivity of the Si core of 6.51 W/mK, resulting in a reduction of 71% compared to that of an infinitely long pure Si NW with the same cross section [ Fig. 1(a) ]. Thus, the significant reduction in the thermal conductivity found for shorter core-shell nanowires holds true also for much longer ones, in sharp contrast to the case of pure Si NW. 
B. Local vibrational density of states
The reduction in thermal conductivity of the Si-core/Geshell NW is attributed to the depression in the vibrational density of states (VDOS) of Si atoms on the nanowire surface upon addition of the Ge shell. 8 The VDOS at the surface of pure Si NW and those at the Si/Ge interface are calculated by a Fourier transform of the atomic velocity autocorrelation function. Figure 2 compares the calculated VDOS for selected nanowire lengths. Addition of the Ge shell results in a large attenuation of the low-frequency modes, especially below 6 THz, which is caused by phonon interference at the Si/Ge interface due to the lattice mismatch and the atomic mass difference between Si and Ge. Since low-frequency modes dominate heat transfer in Si, their attenuation impacts adversely the thermal conductivity. As expected from bulklike behavior away from the surface, the VDOS of Si atoms at the center of the Si core does not change much with added Ge layers (not shown for brevity).
C. Temperature dependence
The calculated temperature dependence of the thermal conductivity is reported in Fig. 3 . Due to the quantum nature of thermal vibrations in the low-temperature range, classical molecular dynamics below 50 K are not reliable. The thermal conductivity of a pure Si NW exhibits a sharp peak at low temperatures then decays rapidly as the temperature increases to 400 K. Thereafter, the conductivity continues to decrease, but at a slower pace. The trend is identical to that of bulk Si 21 and has also been confirmed experimentally for Si nanowires. 3, 22, 23 The origin of this trend lies in the reduced dimensionality of the nanowire-a linear temperature dependence is expected for a quasi-one-dimensional system, indicative of ballistic thermal transport. A maximum occurs when phonon-phonon scattering starts playing a role (at T ∼ 50 K for bulk Si 21 ) while anharmonic effects dominate in the high-temperature regime where κ ∼ 1/T. Surprisingly, the thermal conductivity of core-shell nanowire remains constant throughout the entire temperature range studied, showing a perfect harmonic effect (Fig. 3) . This temperature independence is believed to originate from the presence of nonpropagating vibrational modes similar to those contributing to heat transport in bulk amorphous Si and in thin Si NW with amorphized surface. 24 Since the diffusivity of nonpropagating vibrational modes does not depend on temperature, the observed behavior suggests that the vibrational spectrum of the core-shell nanowire is dominated by diffusive modes. The temperature independence also suggests that Si/Ge core-shell nanowires may have a considerably larger ZT coefficient over pure Si nanowires at temperatures 300 K.
D. Cross-section dependence
The nanowire cross section also influences thermal transport. As the lateral dimension is reduced to the nanometer scale, which is comparable to or even smaller than the phonon mean free path in a solid, phonon boundary scattering at the free surface of the nanowire becomes important in hindering phonon propagation in the solid. Thus, the influence of the core-shell boundary on thermal transport is expected to become more significant in thinner nanowires. Therefore, it is necessary to investigate how the thermal conductivity of a Si-core/Ge-shell NW changes with thickness and compare it to that of a pure Si NW.
Simulation results for nanowires of varying square cross sections (or thickness, D) are reported in Fig. 4 . Whereas the thermal conductivity of a pure Si NW increases monotonically with thickness up to 8 nm, the conductivity of Si-core/Geshell NW behaves in a nonmonotonic fashion. For very thin and short Si NWs (D < 1.2 nm, L = 164 nm), where the phonon transport is dominantly ballistic, the thermal conductivity is relatively independent of the thickness. In such cases, the thickness is much less than the phonon mean free-path, estimated to be 3.24-5.57 nm in a previous MD simulation. 19 Consequently, the phonon boundary scattering at the free surface is dominantly specular. This independence for small diameter is consistent with the above discussion that ballistic phonon transport is dominant in the short length or small diameter regime. At the ballistic phonon transport limit, where all the populated phonons experience ballistic transport, the thermal conductance, G = κA/L, is proportional to the number of atoms per unit length, i.e. density × cross-sectional area. This means that, with constant density and the current definition of cross-sectional area A = D 2 , the thermal conductivity (κ = GL/A) is independent of the diameter.
It can be also seen from Fig. 4 that the thermal conductivity of pure Si NW increases dramatically with thickness. The slope of log κ − β log D gradually decreases as D increases, since the phonon mean free path gradually becomes shorter relative to D, i.e. diffusive phonon transport is gradually enhanced compared to ballistic phonon transport. The monotonic increase in the thermal conductivity of pure Si NWs and the decaying growth rate with diameter is consistent with previous theoretical work on other semiconductor nanowires based on the Boltzmann transport equation. 25 Due to the large computational time requirements, we cannot run simulations for 164-nm-long and more than 10-nm-thick nanowires with (110)-type surfaces. However, the present results suggest that the thermal conductivity of a pure Si NW with infinite diameter will converge to a finite value. It should be emphasized that this value is not the conductivity of bulk Si, since we are simulating a finite length of a Si NW, which contains the finite size effect in the heat flow direction and is different from the cases studied in Ref. 25 .
Interestingly, the thermal conductivity of both the Si/Ge core-shell nanowire as well as the Si core (taken alone) vs thickness shows a markedly different behavior from that of a freestanding Si nanowire. Initially, both conductivities are independent of thickness for D < 1.2 nm. Then they slowly decrease to a minimum for a thickness of ∼2.3 nm. After a transition region, the conductivity increases sharply with thickness, with an exponent β much larger than that for the freestanding Si NW. We also found that the core-shell NW enters a fully diffusive regime at a much larger diameter than the freestanding Si NW. This behavior is a result of the strong interference at the core-shell interface, which limits thermal transport to a smaller effective diameter. Furthermore, by comparing the thermal conductivity of the core-shell NW to its Si core, a crossover behavior becomes apparent. For thin nanowires (D < 2.3 nm) the core-shell composite has higher thermal conductivity than the Si core NW, but for thicker nanowires (D > 4 nm) the relative magnitudes switch.
To fully understand the minima and the crossover regions in Fig. 4 , we performed normal mode analysis of vibrational properties of core-shell nanowires. First, we analyzed the mode localization by calculating the participation ratio p λ , defined for each mode λ as
where i sums over all the atoms studied, α is a Cartesian direction and sums over x, y, z, and ε iα,λ the vibrational eigenvector component corresponding to the λth normal mode, and N the total number of atoms. The participation ratio describes the fraction of atoms participating in a particular mode and, hence, it varies between O(1) for delocalized states to O(1/N) for localized states. We selected a segment of n × n × 6 Si covered by 2 unit cells of Ge NW, where n ranges from 2 (corresponding to D = 0.77 nm) to 9 (D = 3.46 nm), and mimic the long core-shell NW by using periodic boundary conditions in the longitudinal direction. Figure 5 compares the participation ratios of all modes in the spectrum for the Si-core/Ge-shell NWs with different diameters of Si cores. In all cases, the Ge shell is 2 unit cells thick. There are several distinct features in the participation ratios. First, for small diameters (D < 2.31 nm), there is a noticeable step between low-frequency (ω < 3-4 THz) and intermediate-frequency modes (3-4 THz < ω < 10 THz), which hints to a nonuniform distribution of the participation ratios in the frequency spectrum. As we will see later, this stepwise change is caused by the competition between Si core and Ge shell. For very small Si core diameters, low-frequency modes are highly localized to those atoms on the surface of the Ge shell. The vibrations of atoms in this case are dominated by the Ge shell surface, and consequently their participation ratios are quite low. Therefore, the main contribution to the overall thermal conductivity of the core-shell NW is by the Ge shell, which is slightly larger than that of the Si core due to its larger cross-sectional area. As the diameter increases, the stepwise change shifts to intermediate frequencies, which implies that more low-frequency modes are localized. Simultaneously, the participation ratio is increased in the low-frequency range, while it is reduced in the high-frequency range (ω > 10 THz), until it becomes uniform throughout the entire vibrational frequency range at D = 3.46 nm. For moderate diameters (2.31 < D < 3.46 nm), the Si core-atom contributions begin to surpass those of the Ge shell, which is consistent with the increased cross-sectional area of the Si core and the reduced phonon scattering. Finally, for larger diameters (D 3.46 nm), a larger number of Si atoms in the core participate in the low-frequency modes, and the vibrations in the NW gradually become Si dominated. The participation ratio is almost uniform in the range of frequencies below 10 THz, while it is highly concentrated around 16 THz with some localized modes in between. Note that 10 and 16 THz are the cutoff frequencies in the VDOS of Ge shell and Si core, respectively. This analysis suggests that the presence of the Ge shell induces the Si atoms in the core to vibrate resonantly with the Ge atoms, which constitutes direct evidence of a confinement effect of the Ge shell on the vibrational modes of the Si core.
Although the participation ratio covers the spatial extension over the entire core-shell NW, it does not provide information on the relative contributions from individual modes from the three regions composing the entire NW, i.e. the interior of Si core, Si-Ge interfacial region, and Ge shell surface region. This regional contribution of modes can be characterized by the mode weight factor defined as
where the prime denotes that sum over j (atoms) and is alternatively restricted to the interior of the Si core, the Si-Ge interface, and the Ge surface region. The Si-Ge interfacial region is defined by the Si and Ge atoms which have at least one neighbor from the other element within the cutoff distance of the force field. Consequently, the sum of the mode weight factors in the core-shell NW is equal to unity, i.e. f core,λ + f interface,λ + f shell,λ = 1. As f shell,λ → 1 (or f core,λ → 0), the mode λ tends to become more localized on the Ge shell surface and vice versa. In Fig. 6 , we plot the mode weight factors of the Si interior, the Si-Ge interface, and the Ge surface for a Si-core/Ge-shell NW as a function of the size of the Si core. At first glance, there are significant differences between the mode weight factors for the different regions with distinct steps between low-frequency and intermediate-frequency ranges. core-shell structure. This is consistent with the result of Fig. 4 that the overall thermal conductivity of Si-core/Ge-shell NW is higher than that of Si core alone. For the thinnest Si core [ Fig. 6(a) ], the mode weight factor of the Ge surface and Si-Ge interface for low-frequency modes is around 0.9 and 0.1, respectively, showing virtually no Si core atom participation. Increasing the Si core size allows more Si atoms to interfere with the vibrations of the Ge shell, causing a slight decrease in thermal conductivity, also seen in Fig. 4 . For larger Si core sizes, the mode weight factors of the Ge shell and the Si core become comparable, while those of Si-Ge interface remain almost unchanged [ Fig. 6(c) ]. This behavior implies that more atoms in the Si core participate in the vibrations of the core-shell structure and contribute to the overall heat transfer. This analysis is consistent with the minimum in thermal conductivity observed in Fig. 4 . Further increase in the Si core size causes the mode weight factor of the Si core to exceed that of Ge shell [ Fig. 6(d) ], indicating that the vibrations in the core-shell NW are now dominated by the Si core. Thus, it is no longer surprising that the thermal conductivity of the Si core is higher than the overall thermal conductivity of the core-shell nanowire (Fig. 4) . 
E. Effect of Si-Ge interfacial strength and structure
The significant reduction in thermal conductivity of coreshell nanowires is a consequence of phonon interference at the Si-Ge interface, which in turn depends on the interfacial interaction strength. The latter dependence is clearly seen in Fig. 7 . Here ε 0 denotes the original value obtained from the geometric mean of ε Si−Si and ε Ge−Ge , which is the scaling factor of the interaction energy in the Stillinger-Weber potential. 10, 11 The thermal conductivity of both the core-shell NW and the Si core are found to drop considerably with interfacial interaction strength. This relationship can be understood in terms of vibrational coupling between modes in the Si core and Ge shell. When coupling is weak (ε ε 0 ), modes from the core and the shell contribute independently to the overall thermal conductivity. When the coupling is strong (ε > ε 0 ), phonon interference impedes heat transfer. For example, if the interfacial strength can be made 4 times larger (by perhaps using a material other than Ge), the thermal conductivity of the Si core will be reduced by 88.4% as compared to a pure Si NW of equal size. This result suggests that interference at the core-shell interface plays a dominant role in determining the thermal conductivity of Si core, while the thermal conductivity of the outer shell is less important.
In order to investigate the effect of the Si-Ge interfacial structure on the thermal transport properties of the core-shell NW, we considered two additional types of Si-Ge interfaces FIG. 8 . (Color online) Calculated thermal conductivity for a Gecore/Si-shell structure vs nanowire length at 300 K with comparison to that of a pure Ge nanowire. The dotted line is fitting to the MD results, and the dashed line denotes the upper limit of the thermal conductivity of an infinitely long pure Ge NW with same cross section size. The right axis shows the percent reduction in thermal conductivity of the Ge core relative to that of pure Ge NW.
for the selected 9 × 9 × 302 unit cell Si NW: one with 2 unit cells of Ge lattice-matched (epitaxial) to the Si surface, and the other with subsequent annealing treatment, as follows. The core-shell NW was heated to 1000 K in 1 ns and kept at this temperature for an additional 1 ns. We note that the Ge layer did not melt during the relaxation at 1000 K because of superheating induced by the strong interfacial interaction with Si and the Stillinger-Weber potential parameter for Ge, as we can see later in Sec. IV. Then the system was cooled down to room temperature with the same cooling rate, followed by room temperature relaxation before calculating the thermal conductivity. The results are compared in Table I . The epitaxially formed Si-Ge interface reduces significantly the overall thermal conductivity of the Si-Ge composite and its Si core, as compared to a pure Si nanowire. In this case, however, the nanowire was severely curved in the longitudinal direction due to the larger lattice constant of Ge, leading to a large uncertainty in the calculated thermal conductivity of the core-shell NW. In contrast, annealing the core-shell NW yields further reduction (to 82.7%) in the thermal conductivity of both the combined core-shell structure and the Si core alone. The larger reduction is the result of a much rougher and less uniform interface, which increases strongly the scattering of phonons propagating in the Si core. TABLE I. Calculated thermal conductivity of Si/Ge core-shell nanowires with different interfacial structures at 300 K. The thermal conductivity of the Si core is also tabulated for comparison. The system size is 9 × 9 × 302 unit cells with a 2-unit-cell layer of Ge. The values in parenthesis are the percent reduction in the thermal conductivity from the value of a pure Si nanowire.
Overall thermal conductivity of the Si-Ge core-shell nanowire Thermal conductivity of the Si core 
IV. RESULTS FOR GE-CORE/SI-SHELL NANOWIRES
It is instructive to study the thermal transport properties of the inverse nanocomposites, not in the least because Ge-core/Si-shell nanowires have already been fabricated experimentally. 28, 29 Construction of Ge-core/Si-shell nanowires is straightforward by inverting the elements in the previous simulation. Figure 8 illustrates the length dependence of the thermal conductivity of Ge-core/Si-shell NWs. In all cases, a 9 × 9 Ge core was covered conformally by 2 unit cells of Si. Similar to pure Si NWs (Fig. 1) , the thermal conductivity of the pure Ge NW initially increases sharply with length and then approaches asymptotically a constant value above 300 nm. Fitting of the data using Eq. (4) yields κ NW ∞ = 24.3W/mK and l NW = 75.8 nm. Note that, although the thermal conductivity of bulk Ge (experimental value ∼60 W/mK) is much lower than that of bulk Si (∼150 W/mK), the calculated thermal conductivity of an infinitely long pure Ge NW is a bit larger than that of a pure Si NW with equal cross section. This is believed to be an artifact of the Stillinger-Weber potential parameter for Ge, which overestimates considerably the thermal conductivity and melting temperature of bulk Ge. 30, 31 Separate simulations showed that the Stillinger-Weber potential parameter for Ge proposed by Ding et al. 11 yields a thermal conductivity of bulk Ge of 309.6 ± 12.9 W/mK, which is several times larger than the experimental value. The thermal conductivity of the Ge-core/Si-shell NW does not change much for lengths between 27 and 1087 nm. The behavior is identical for the Ge core taken alone. It is worth noting that a maximum reduction of 86.0% and 84.1% in the thermal conductivity of the Ge core was calculated for L z = 327 and 1087 nm, respectively, as compared to the thermal conductivity of a freestanding Ge NW. The large reduction in thermal conductivity is attributed to the broader vibrational spectrum of the Si shell, which is expected to affect the entire range of vibrations of the Ge core, i.e. both low-and high-frequency modes. These results suggest that the Ge-core/Si-shell structure may be an even better candidate for higher ZT values.
The temperature effect on the thermal conductivity of the Ge-core/Si-shell NWs was also studied and the results are plotted in Fig. 9 . For a pure Ge NW, the thermal conductivity decays as 1/T from 50 to 600 K. In contrast, the thermal conductivity of the Ge-core/Si-shell NW remains almost constant, exhibiting a perfect harmonic effect throughout the entire temperature range. This trend and its explanation are identical to those described earlier for the inverse nanocomposite structure.
V. CONCLUSIONS
Comprehensive nonequilibrium molecular dynamics simulations of thermal transport in Si/Ge and Ge/Si core-shell nanowires have been performed to investigate whether such composites may offer advantages in thermoelectic applications. Specifically, the effects of the nanowire length, cross section, and temperature on the thermal conductivity of the nanocomposites were considered in detail. As compared to single-component nanowires, thermal transport in coreshell nanocomposites was found to differ considerably, as follows:
(i) Phonon transport in a core-shell nanowire becomes diffusion dominated at shorter lengths than in a pure nanowire and has a significantly lower thermal conductivity even for very long nanowires.
(ii) While the thermal conductivity of a pure nanowire exhibits an inverse temperature dependence, that of a core-shell nanowire is practically temperature independent over a wide temperature range due to the diffusive nature of the majority of the vibrational modes present in core-shell nanowires.
(iii) The core-shell nanowire features a minimum and a crossover in the dependence of the thermal conductivity on cross section, as compared to the monotonic increase of a pure Si or Ge nanowire. The difference in behavior is attributed to changes in the relative magnitude of competing contributions to the heat conduction from thermal vibrations in the core center vs the shell surface, as core diameter changes.
Core-shell nanocomposite structures offer some control of phonon interference at the interface through manipulation of the interfacial interaction strength, which renders them promising for high-efficiency nanostructured thermoelectrics. Inspired by our simulation, further efforts should be focused on searching for a shell material with very strong interaction strength with the core, while the thermal conductivity of the outer shell is less important.
